osmotic gradient ektacytometry is the gold standard to assess red blood cell (RBC) deformability. It has been proposed that, when measured in isotonic condition, RBC deformability at low shear stress would depend on membrane elasticity while it would be influenced by internal viscosity when measured at high shear stress, but this hypothesis needs to be further addressed. Healthy RBCs were rigidified by treatment with lysolecithine (LpC), diamide or nystatine associated with hyperosmolar solutions (osMo), which reduces membrane surface area, decreases membrane elasticity or promotes cell dehydration, respectively. Diamide treatment resulted in a decrease in isotonic RBC deformability at all shear stresses tested (i.e. from 0.3 to 30 Pa). LPC and OSMO treatments caused a decrease in isotonic RBC deformability above 3 Pa only. Isotonic RBC deformability from patients with hereditary spherocytosis or sickle cell disease was mainly decreased above 1.69 Pa. Our findings indicate that decreased isotonic RBC deformability at shear stresses above 3 Pa would be related to a reduction in the surface-area-to-volume ratio and/or to a loss of membrane elasticity and/or to an increase in internal viscosity while a decrease of RBC deformability below 3 Pa would reflect a loss of membrane elasticity.
pyropoikilocytosis, south asian ovalocytosis and hereditary stomatocytosis 3, [7] [8] [9] . It consists of shearing the RBC suspension at a constant shear stress with tonicity of the mixture varying between 50 and 600 mOsmol/kg during the measurement. Different parameters may be derived from ektacytometry curve, which provides information about RBC osmotic fragility, cell surface area, cell volume, RBC hydration state and RBC membrane deformability 3, [7] [8] [9] . While osmotic gradient ektacytometry is often used by hematologist involved in the screening of RBC membrane disorders, it is less frequently used by researchers involved in the field of blood rheology 10 who prefers assessing RBC deformability with ektacytometer used at various shear stresses but under constant tonicity of the medium (i.e., isotonicity). This situation may be partly explained by the fact that osmotic gradient ektacytometers have not been easily available in the markets from the nineties to recently 8 . Moreover, the interpretation of osmotic gradient ektacytometry is less easy than for isotonic ektacytometry where most of the studies simply concluded about the status of RBC deformability in a given disease/situation (decreased, similar or increased) compared to a control population/situation 10 . Isotonic ektacytometry is indeed frequently used for RBC deformability measurement in metabolic disorders [11] [12] [13] , cardiovascular diseases [14] [15] [16] [17] , ageing 18, 19 or hemoglobin diseases 9, 20, 21 . However, the exact meaning of the analysis performed in isotonic condition is unclear. The previous study conducted by Mohandas and colleagues 1 suggested that changes in S/V would not affect isotonic RBC deformability while increased internal viscosity or a loss of membrane viscoelasticity would result in a decrease of isotonic RBC deformability. However, there is no clear information about the shear stress values at which these factors could affect isotonic RBC deformability or not. Later on, it has been suggested that decreased RBC deformability at low shear stresses would reflect impaired membrane viscoelasticity while RBC deformability at high shear stresses would be mainly affected by S/V ratio and/or the internal viscosity 10 . However, experiments are lacking to prove this assumption. The aim of the present study was to test these hypotheses. Indeed, we tested the effects of several molecules known to modulate surface area, cell volume, internal viscosity or membrane elasticity on healthy RBCs and we compared the RBC deformability measurements obtained with osmotic gradient ektacytometry versus isotonic ektacytometry. In addition, we used RBC from patients with HS or sickle cell disease (SCD) and compared the RBC deformability findings obtained with osmotic gradient ektacytometry versus isotonic ektacytometry to get further information on the meaning of isotonic ektacytometry results.
Materials and Methods
samples. Blood Increase in internal viscosity (nystatin treatment with changes in osmolality; osMo). As previously described 1 , a suspending medium was prepared such as Na + and K + concentrations were those found in RBCs (Na = 12 mEq/L; K = 155 mEq/L). Then, the medium was divided in several parts and sucrose was added to obtain a final osmolality of 300, 400 or 500 mOsm/kg. Washed RBCs were re-suspended at 5% hematocrit in the different solutions. Nystatin (5 mg/mL methanol) was added to RBC suspensions to reach a final concentration of 30 µg/mL. Nystatin is an antibiotic, which allows the equilibration of Na + and K + across the cell membrane. After 20 min of incubation at 0 °C, nystatin was washed out of the membrane at 37 °C by solutions identical to the suspending medium but without nystatin to restore normal permeability characteristics to the cells RBC deformability. RBC deformability, reported as the elongation index (EI), was determined at 37 °C by using (1) osmotic gradient ektacytometry and (2) isotonic ektacytometry (Lorrca ® MaxSis; RR Mechatronics, Hoorn, The Netherlands). A small amount (20 μl) of each RBC suspension was resuspended in high viscous medium (polyvinylpyrrolidone; PVP; viscosity = 30 cP) at 2% hematocrit and sheared into a Couette system made of glass. The diffraction pattern was recorded by a camera and EI was calculated based on the width and height of the theoretical ellipse fitted on the diffraction pattern 23 . Osmotic gradient ektacytometry measured EI of the RBC suspension under a defined shear stress (30 Pa) and at increasing osmolality (90 to 600 mOsm/kg) to determine several parameters: O min (i.e., the osmolality at which RBC deformability value reaches a minimum in the hypotonic region of the curve), EI max (i.e., the highest RBC deformability) and O hyper (also called O'), which corresponds to the osmolality at half of the EI max in the hypertonic region of the curve 3 . O min reflects the osmotic fragility and the S/V ratio, EI max depends on the membrane deformability and RBC surface area, and O hyper reflects MCHC and cell volume 3, 9 . In addition, RBC deformability measured at low osmolality is affected by the membrane flexibility 3, 9 . Isotonic ektacytometry was used to measure EI at fixed isotonicity and at 9 increasing www.nature.com/scientificreports www.nature.com/scientificreports/ shear stresses (from 0.3 to 30 Pa). Mean cell volume (MCV) and MCHC were determined using an automated hematology analyzer (XN-10, Sysmex corp, Kobe, Japan). 
Results
Molecules treatment. Results of osmotic RBC deformability and hematological parameters after different RBC treatments are presented in the Table 1 . LPC treatment caused a significant rise in O min and a decrease in EI max (Fig. 1A) . We also observed a tendency for MCV to increase (p < 0.1) and MCHC to decrease (p < 0.1) with LPC, resulting in a significant increase in O hyper . In isotonic conditions, LPC caused a decrease in EI above 3 Pa but not below (Fig. 1B) . Diamide treatment decreased EI max and O hyper (Fig. 1C) . The increase in diamide concentration caused asymmetry in the hump of the osmotic gradient ektacytometry curve with a greater reduction in EI on the hypertonic part of the curve than on the hypotonic side. EI measured in isotonic conditions decreased at all shear stresses (Fig. 1D) . OSMO caused a decrease in MCV, O min and as expected O hyper , and an increase in MCHC. No change was observed for EImax (Fig. 1E ). RBC treated with OSMO and studied in isotonic conditions showed a decrease in EI above 3 Pa but not below (Fig. 1F) . patient samples. Osmotic gradient ektacytometry showed that HS patients had decreased O hyper and EI max compared to healthy subjects ( Fig. 2A) . O min was in the normal range as it may sometimes occur in HS patients 7 .
In isotonic conditions, EI is mainly decreased above 1.69 Pa but not below (Fig. 2B) . At very low shear stresses (i.e., 0.3 and 0.53 Pa), EI of HS patients was higher than in normal individuals. In addition, EI measured in HS patients decreased between 0.03 and 0.95 Pa and then increased with the rise of shear stresses while normal RBCs showed a gradual increase with shear stresses from 0.3 to 30 Pa.
O min , EI max and O hyper were significantly decreased in the four SCD patients compared to healthy RBCs (Fig. 3A) . When measured in isotonic condition, EI was decreased in the four SCD patients at shear stresses above 0.95-1.69 Pa (Fig. 3B) .
Discussion
Osmotic gradient ektacytometry allows the identification of cellular abnormalities responsible for a reduction of RBC deformability such as decreased membrane visco-elasticity, and/or changes in surface to volume ratio and/or cell dehydration. Indeed, this technique is frequently used by hematologists to diagnose several RBC membrane disorders. Our study demonstrates that a simple isotonic ektacytometry may also provide important information regarding RBC biophysical properties.
As previously shown, LPC increased O min and decreased EI max , which is consistent with a reduction in the surface area of RBC 1, 3 . However, while Mohandas et al. 1 and Clark et al. 3 reported no change in cell volume with LPC, we observed a rise in O hyper , which is consistent with the tendency for MCV to increase and MCHC to decrease. Increased RBC volume with LPC has also been reported in the study of Safeukui et al. 24 . The consequences of the decrease in S/V ratio (i.e., increased cell sphericity) were also observed in isotonic conditions where deformability measured at 3 Pa and higher shear stresses was lower in RBCs treated with LPC than in www.nature.com/scientificreports www.nature.com/scientificreports/ and decreased EI at all shear stresses in isotonic conditions (D). In osmotic gradient conditions, OSMO treatments caused a decrease in O min and O hyper . (E) and resulted in a decrease in EI above 3 Pa in isotonic conditions (F). Key parameters of osmotic gradient ektacytometry are also indicated on the (A): O min is the osmolality at which RBC deformability value reaches a minimum in the hypotonic region of the curve, EI max is the highest RBC deformability and O hyper corresponds to the osmolality at half of the EI max on the hypertonic region of the curve. O min reflects the osmotic fragility and the S/V ratio, EI max depends on the membrane deformability and RBC surface area, and O hyper reflects MCHC and cell volume. Statistical significance: *p < 0.05.
www.nature.com/scientificreports www.nature.com/scientificreports/ control RBCs. Nevertheless, the change in S/V ratio with LPC had no consequence on RBC deformability measured at a shear stress below 3 Pa. The use of nystatin and hyperosmolar conditions to increase the internal viscosity also resulted in a reduction of RBC deformability measured in isotonic condition at 3 Pa and higher shear stresses. Nevertheless, it should be noted that the magnitude of changes for isotonic RBC deformability measured above 3 Pa was slightly higher with LPC than with OSMO. The degree of isotonic RBC deformability impairment probably depends on the number of dense dehydrated RBCs present in the blood suspension, as it is the case in sickle cell disease 25 and hereditary spherocytosis 8 . Nystatin used with higher osmolalities could result in a larger decrease in RBC deformability. As previously reported, RBCs treated with diamide were characterized by decreased EI max and O hyper and enhanced curve asymmetry with a strong reduction of deformability in the hypertonic part 1, 3 . Diamide is known to increase the shear modulus of RBCs because of the cross-linking between spectrins 22 . As a consequence, isotonic RBC deformability was reduced at all shear stresses. The curves obtained with the osmotic gradient ektacytometry for HS and SCD patients were typical of these two diseases 3, 8 . Isotonic RBC deformability for HS patients showed a decrease at shear stresses above 1.69 Pa. The isotonic curves of these patients look like a mix of the isotonic curves observed with LPC-and OSMO-treated cells, where cell sphericity and dehydration are increased, respectively. This pattern is in agreement with the slightly increased O min and the decreased EI max and O hyper observed in the HS studied patients, which demonstrate a decrease in the S/V ratio, a loss of surface area and dehydration of the cells, respectively 3, 8 . The comparisons of the osmotic gradient ektacytometry and isotonic curves for HS patients demonstrate that it is easier to characterize the RBC properties with the first method, which confirms that osmotic gradient ektacytometry gives more information on the factors affecting RBC deformability than isotonic ektacytometry. Nevertheless, our results demonstrate that measurement of isotonic RBC deformability may also be useful to suspect RBC membrane disorders. The higher isotonic RBC deformability found at very low shear stresses could be related to the presence of highly dehydrated RBCs, which could have difficulties to align into the flow direction in these hemodynamic www.nature.com/scientificreports www.nature.com/scientificreports/ conditions but further studies are needed to better understand the meaning of this phenomenon. In the case of SCD patients and as already reported 3 , we observed a reduction in osmotic fragility as well as a shift of O hyper to lower osmolalities indicating the presence of dehydrated RBCs. The reduction in EI max was highly variable from one patient to another, which is in agreement with the findings of Clark et al. 3 who showed heterogeneous EI max values in this disease because of high heterogeneity in cell water content rather than a reduction in surface area. The reduction in isotonic RBC deformability seems to be higher in SCD than in HS patients but also more heterogeneous, which may be explained by the presence of variable number of dense RBCs in the blood of SCD patients 25 . In addition, increased shear modulus caused by the interaction between sickle hemoglobin and the RBC membrane have been demonstrated to participate to the reduction in RBC deformability in SCD 26 .
In conclusion, our results indicate that decreased isotonic RBC deformability at shear stresses above 3 Pa would be related to a reduction in S/V ratio and/or to a loss of membrane flexibility and/or to an increase in internal viscosity while a decrease of RBC deformability below 3 Pa would reflect a loss of membrane flexibility only. Indeed, for researchers using only isotonic ektacytometry, interpreting the whole curve with RBC deformability measured at both low-moderate and high shear stresses may be useful to better understand the reasons of impaired RBC deformability in a given population or experimental situation. Nevertheless, although isotonic ektacytometry seems to be helpful to suspect the presence of RBC membrane or hemoglobin disorders, osmotic gradient ektacytometry and complementary laboratory/molecular tests are needed to make the diagnosis 8 .
